Supermassive black hole binaries may exist in the centers of active galactic nuclei like quasars and radio galaxies and mergers between galaxies may result in the formation of supermassive binaries during the course of galactic evolution. Using the very-long-baseline interferometer, we imaged the radio galaxy 3C 66B at radio frequencies and found that the unresolved radio core of 3C 66B shows well-defined elliptical motions with a period of 1.05 ± 0.03 years, which provides a direct detection of a supermassive black hole binary.
tion. Using the very-long-baseline interferometer, we imaged the radio galaxy 3C 66B at radio frequencies and found that the unresolved radio core of 3C 66B shows well-defined elliptical motions with a period of 1.05 ± 0.03 years, which provides a direct detection of a supermassive black hole binary.
The presence of a supermassive black hole binary (or a supermassive binary; SMB) in active galactic nuclei (AGNs) has been suggested mainly by periodic optical and radio outbursts (1, 2) , wiggled patterns of compact radio jets (i.e., the indication of precession motions of the radio jets) (3, 4) , and X-shaped morphology of radio lobes (5) . AGNs with those characteristics tend to be associated with strong radio jets and thus their host galaxies are often giant elliptical 1 galaxies (6) . If they were made from mergers between or among nucleated galaxies (7, 8) , they may contain two or more black holes in their central regions because progenitor galaxies may contain a supermassive black hole in their nuclei (9, 10) . Captured black holes will be settled under dynamical friction in the core of the merged stellar system and then will form a SMB (11) .
Therefore, it is important to establish the presence of a SMB in an AGN and then investigate the true role of a SMB in AGN activity.
The most direct evidence for a SMB can be obtained by detection of the Kepler orbital motion of some emission component close to black holes. One technical problem is that an expected separation between the two supermassive black holes (e.g., ∼ 10 17 cm) is too small to be resolved spatially when we use optical telescope facilities because that separation corresponds to ∼100 micro-arcsecond (µas) if its host galaxy is located at a distance of 100 Mparsec (Mpc). However, the use of a technique of phase-referencing very-long-baseline interferometry (VLBI) at radio frequencies allows us to achieve such position measurements with the accuracy of tens of µas (12) . We looked for the Kepler motion of a radio-emission component in a pair of radio sources, 3C 66B and 3C 66A; 3C 66B is a radio galaxy at redshift z = 0.0215 (13), whereas 3C 66A is a more distant BL Lac object at z = 0.44 (14) . This pairing allows us to use this source as the stationary position reference to 3C 66B. They are one of best pairs for the phase-referencing VLBI, because they are bright radio sources and their spatial separation is only 6 arc min.
We observed this pair at 2. to observe both sources in each antenna beam simultaneously at these frequencies.
The radio core position of 3C 66B at each epoch was measured with respect to that of 3C 66A. We used the local brightest peak in the map, rather than the Gaussian peak, to determine the radio core position. The Gaussian peak may have a larger uncertainty as a result of the effects of asymmetrical structure of the sources.
Time variations of the radio core position in 3C 66B at 2.3 and 8.4 GHz ( Fig. 1 and Fig.   2 , respectively) can be fitted by an elliptical motion ( Table 1 ). The reduced chi-square value obtained when calculated with the observation error is ≈ 0.6 at 2.3 GHz and ≈ 0.05 at 8.4
GHz (12) . Because these values are less than unity, especially at 8.4 GHz, the position error might have been overestimated. Assuming the reduced chi-square value of unity, we find that the revised position errors, ∆α ′ and ∆δ ′ , are 71 and 60 µas at 2.3 GHz and 9 and 7 µas at 8.4
GHz, respectively (12) . Although the orbital periods at 2. µas, which is negligible (16). Another possibility is that the radio core in 3C 66B is subject to microlensing effects by a star in the Milky Way galaxy near 3C 66B on the celestial plane (17) and is moved by the annual parallax 3 of the star. We attempted to fit the radio core motion by this microlensing model and obtained the reduced chi-square value of 1.6, corresponding to a chi-square probability of ∼ 10 %. This result indicates that the microlensing model does not explain the sinusoidal core motion as well as it explains the elliptical motion of the radio core.
Because the radio core is located at the root of the jet where the optical depth is unity (18, 19) , the radio core at 2.3 GHz is expected to be located at a greater distance from the central engine than that at 8.4 GHz. Thus, a precession motion of the jet provides a natural explanation for the observation that the major axis of the radio core orbit is longer at 2.3 GHz than at 8.4
GHz. Although the orbital major axis should be always perpendicular to the mean jet axis, the observed inclination angle between the mean jet axis and the orbital major axis is estimated to be 63±9
• at 2.3 GHz and 39±6
• at 8.4 GHz (calculated on the basis of a 50
• position angle of the jet, which is estimated from the global jet structure at 2.3 GHz). This fact indicates that the observed core motion is not dominated by only the simple precession motion. The most plausible explanation for this result is that the elliptical motion of the radio core is attributable to the combination of the orbital and precession motions of a SMB in 3C 66B, whereas the core motion at 2.3 GHz is dominated by the precession motion of the jet, which at 8.4 GHz is dominated by the orbital motion of the SMB (Fig. 3) .
According to Kepler's third law, the observed period can be expressed as,
where where G is the gravitation constant, r is the separation of two orbiting black hole, and M and m (M ≥ m) are the masses of the black holes, respectively. Eq. 1 allows us to determine the mass density ρ as a function of only P ,
The observed result leads to ρ ≈ 2 × 10 15 M ⊙ pc −3 (where M ⊙ is the mass of the Sun), which is larger than those of massive dark objects in NGC 4258 and Sgr A * (20, 21) . Because the radio core motion at 8.4 GHz is believed to reflect the orbital motion of the SMB more than does that at 2.3 GHz, we regard the length of its major axis as the upper limit of the orbital radius of the SMB. Assuming that the less massive black hole emanates the jet, we obtain the upper limit of the separation and the mass of the SMB of r max ≈ 5.4(1 + q) × 10 16 cm and
is the mass ratio between the objects. We note that these parameters are similar to those of a radio-loud AGN, OJ 287, which is believed to be an archetypical AGN with a SMB (22) . This conclusion is consistent with 3C
66B's being a giant elliptical galaxy which suggests a galaxy merger.
The SMB in 3C 66B will merge into one as a result of the gravitational radiation loss. The lifetime in this evolution phase can be estimated by the relation in Eq. 3 (23).
If we adopt q = 0.1, we obtain r max = 5.9 × 10 16 cm and M max = 5.4 × 10 10 M ⊙ . These values give us t GR ≃ 5 yr for the SMB in 3C 66B. This time scale seems to be extremely short compared with a whole life time of a SMB system (13) . A more reasonable lifetime would be obtained for smaller values of q and/or r. Combining Eq. 1 and Eq. 3, we find t GR ∝ r −5 . If the true r is a quarter of the corresponding value for the upper limit, a lifetime ∼ 10 3 times as long is obtained. The expected maximum amplitude of gravitational radiation from 3C 66B will be h ∼ 10 −11 just before the two black holes merge into one (24, 25) . Because the orbital velocity of the SMB is added to the intrinsic jet velocity, the jet precession can be induced with the same period as that of the SMB orbital motion (3). Therefore, if the radio core is far enough from the SMB, the orbital major axis of the radio core should be observed as perpendicular to the mean jet axis, as is the normal precession. However, if the radio core is very close to the SMB, it should be observed as almost parallel to the orbital plane of the SMB. Therefore, the position angle of the radio core orbit depends on the distance between the radio core and the SMB, if the jet direction misaligns with the angular momentum vector of the SMB orbit. Materials and Methods
Phase-referencing VLBI
In conventional observations with VLBI, the correlated phase is aected by uctuations due to water vapor in the troposphere and the uctuations strongly limit the quality and the dynamic range of images. The most eective method to eliminate the tropospheric uctuations can be made by observing simultaneously a target source and another radio source (e.g., a dierent quasar) which is close to the target on the celestial plane. This procedure is called as the phase-referencing technique in VLBI observations (S1,S2). In principal, assuming that the atmospheric phase uctuation is almost the same between the two sources, we eliminate it by subtracting the phase of the target from that of the near radio source.
In our observations, the data of 3C 66A were rst reduced by using the standard hybrid mapping method and self-calibration procedures with the minimum integration time of 6 seconds available on the NRAO AIPS. We thus obtained antenna-based solutions including the atmospheric phase uctuation. Then these solutions were directly applied to the observations of 3C 66B and the nal phase-referencing map of 3C 66B was obtained (Fig. S1 ).
Error analysis
The dominant uncertainty of the position measurement in the phase-referencing observation comes from unmodeled source structure in the map. In order to examine this uncertainty, we compare the local brightest peak with the centroid of the strong CLEAN components (more than 25 % of the maximum one) (S3,S4). This procedure gives nominally us the observational position errors, 1 in right ascension and 1 in declination, 91 as and 76 as at 2.3 GHz and 40 as and 28 as at 8.4 GHz, respectively.
On the other hand, we derived the standard phase errors from theoretical estimates based on models of the propagation medium and the geometry of the array, e.g., tropospheric and ionospheric eects, uncertainties of antenna positions, the time dierence between atomic time and universal time, and the polar motion or the nutation of the Earth. The misidentication of the reference point in maps due to nite signal-to-noise ratio also contributes to the position error. Assuming the typical weather and geodetic conditions in VLBA observations, we calculate the corresponding position error in the simultaneous observations of the source pair with the separation of 6 arcminute.
The standard position errors, 1 in right ascension and 1 in declination, are estimated to be 10 as and 16 as at 2.3 GHz and 7 as and 12 as at 8.4 GHz, respectively.
As shown in the text, assuming that the reduced 2 value for the core motion tting is unity, we nd that the revised position errors, 1 0 and 1 0 , are 71 as and 60 as at 2.3 GHz and 9 as and 7 as at 8.4 GHz, respectively. The revised errors at 8.4 GHz is comparable to the theoretical standard errors, suggesting that the uncertainty due to complex source structure is excluded in the data at 8.4 GHz. In contrast, the position measurement at 2.3 GHz seems to contain eect of unresolved jet structure in the radio core component. 
